One of the fundamental questions in neuroscience is how computational functions of neuronal 1 circuits are determined by their connectivity. The olfactory bulb decorrelates and normalizes 2 patterns of sensory input, resulting in a transformation referred to as whitening that supports 3 pattern classification. To analyze the underlying mechanisms we measured odor-evoked activity 4 throughout the OB of a zebrafish larva and reconstructed the wiring diagram in the same specimen 5 by volume electron microscopy. This functional connectomics approach revealed an 6 overrepresentation of triplet connectivity motifs that privilege disynaptic reciprocal inhibition 7 among co-tuned output neurons. This connectivity resulted in strong inhibition of neuronal 8 responses to common features of correlated sensory input patterns. In generic network models, this 9 connectivity was necessary and sufficient to reproduce whitening of naturalistic inputs. These 10 results reveal a specific network topology that is adapted to the statistical structure of olfactory 11 inputs and mediates whitening by feature suppression. 12 3 Neuronal activity patterns evoked by natural stimuli contain correlations and intensity variations that 13 reflect the statistics of natural scenes and the tuning of sensory receptors (Simoncelli and Olshausen, 14 2001). This statistical structure complicates the classification of sensory inputs because it does not usually 15 reflect behaviorally relevant stimulus categories (DiCarlo et al., 2012). For example, visual scenes may be 16 dominated by a large number of pixels representing sky while the biologically most important 17 information is conveyed by a small subset of pixels representing specific objects (e.g., a hawk or a 18 sparrow). Hence, correlations in sensory inputs can complicate meaningful pattern classification and 19 object recognition. This problem can be alleviated by whitening, a fundamental transformation in signal 20 processing that decorrelates patterns and normalizes their variance. Whitening is therefore often used 21 early in a pattern classification process to remove undesired correlations and to optimize the use of coding 22 space (Bishop, 1995). 23
space (Bishop, 1995) . 23
In the visual and auditory system, whitening of individual neurons' responses to natural stimuli supports 24 efficient coding by redundancy reduction (Atick and Redlich, 1993; Barlow, 1961; Olshausen and Field, 25 1996; Smith and Lewicki, 2006) . Efficient pattern classification, however, requires whitening of activity 26 patterns across neuronal populations. This form of whitening occurs in the olfactory bulb (OB) (Friedrich 27 and Laurent, 2001; Friedrich and Wiechert, 2014; Zhu et al., 2013) where axons of olfactory sensory 28 neurons expressing the same odorant receptor converge onto discrete glomeruli. Odors thus evoke 29 distributed patterns of input activity across array of glomeruli that can overlap substantially when 30 odorants share functional groups (Araneda et al., 2000; Friedrich and Korsching, 1997; Mori et al., 2006) . 31
Moreover, the variance (contrast) of glomerular activity patterns varies dramatically as a function of odor 32 concentration. The output of the OB is transmitted to higher brain areas by mitral cells, which receive 33 sensory input from individual glomeruli and interact with other mitral cells via multisynaptic interneuron 34 (IN) pathways (Fig. 1a) . Contrary to glomerular inputs, activity patterns across mitral cells become 35 rapidly decorrelated during the initial phase of an odor response (Chu et al., 2016; Friedrich et al., 2004; 36 Friedrich and Laurent, 2001; Gschwend et al., 2015; Niessing and Friedrich, 2010; Yamada et al., 2017 ) 37 9 disynaptic MCINMC connection strengths and the on-diagonal elements (self-inhibition; Fig. 3d) . 161
Similar to the full randomization of connectivity, this co-permutation abolished whitening (Fig. 3b,c) . 162
Moreover, whitening was abolished when input channels were permuted to produce novel input patterns 163 with the same statistical properties and correlations (Fig. 3c) . These results show that whitening is 164 mediated by higher-order features of multisynaptic connectivity that are adapted to patterns of sensory 165
input. 166 167

Mechanisms of whitening 168
The shortest path between MCs associated with different glomeruli is a disynaptic interaction via one IN 169 (MC-IN-MC). To identify properties of the wiring diagram that mediate whitening we therefore analyzed 170 MC-IN-MC triplets. There are nine possible triplet configurations that represent four topological motifs 171 (Fig. 4a) . We found that the motif containing no reciprocal connection (motif 1) was underrepresented 172 whereas the other motifs were overrepresented in comparison to randomized networks (Fig 4b) . The 173 strongest overrepresentation was observed for motif 4, which contains reciprocal connections between 174 both MCs and the IN. Hence, MC-IN-MC triplets frequently contained reciprocal connections. 175
To determine whether disynaptic connectivity between MCs depends on their tuning we constructed an 176 input tuning curve for each MC from the responses to the eight odors at t 1 . For all pairs of MCs we then 177 quantified the Pearson correlation between their input tuning curves and the number of disynaptic MC-178 IN-MC connection paths across all motifs. The mean number of disynaptic connections increased with the 179 input tuning correlation (Fig. 4c) . Hence, triplets mediate interactions preferentially between MCs with 180 similar tuning. 181
We further analyzed the relationship between triplet motifs and tuning curve similarity. Motifs with 182 reciprocal connections (motifs 2 -4) were significantly overrepresented among MCs with similar tuning 183 (correlation >0.5; Fig. 4d ). This overrepresentation was most pronounced for motif 4 (all connections 184 reciprocal). Hence, disynaptic reciprocal interactions are significantly enriched between MCs with similar 185
tuning. 186
In the retina, unidirectional lateral inhibition between functionally related neurons sharpens tuning curves 187 and enhances pattern contrast (Hartline and Ratliff, 1957) (Fig. 5a, left) . In idealized networks with 188 strictly reciprocal connectivity, in contrast, inhibition does not amplify asymmetries in inputs and self-189 inhibition is usually larger than lateral inhibition (assuming equal synaptic strength; Fig. 5a, right) . 190
Hence, reciprocal triplet connectivity among neurons with similar tuning should primarily down-regulate, 191 rather than sharpen, the activity of connected cohorts of neurons. The computational effects of these 192 transformations depend on the properties of input patterns ( Supplementary Fig. 2 ). When inputs follow 193 overlapping Gaussian distributions, contrast enhancement can decorrelate patterns because stimulus-194 specific information is contained in strong neuronal responses (Barlow, 1961; Hartline and Ratliff, 1957) . 195
However, when activity patterns overlap primarily in strongly responsive units, contrast enhancement will 196 fail to decorrelate patterns because it emphasizes non-specific responses. In this scenario, patterns may be 197 decorrelated by the selective inhibition of strongly active cohorts, which may be achieved by specific 198 reciprocal inhibition ( Supplementary Fig. 2) . 199
To examine the basis of pattern correlations in the OB we analyzed population activity patterns evoked by 200 bile acids at t 1 . For each pair of patterns, we quantified the contribution r i,t1 of MC i to the Pearson 201 correlation r. Overall pattern correlations were dominated by high contributions from a small fraction of 202
MCs. This subset of MCs was also strongly active, as observed directly when MCs were ranked by their 203 r i,t1 (Fig. 5b,c) . As a corollary, these MCs also made large contributions to the variance of neuronal 204 activity patterns at t 1 (Fig. 5c) . Hence, correlated odor representations overlapped primarily in strongly 205 responsive MCs, consistent with observations in the adult OB (Friedrich and Wiechert, 2014) . 206
We then examined the changes in the activity of individual neurons underlying the decorrelation and 207 contrast normalization between t 1 and t 2 . The activity of MCs with large r i,t1 was significantly lower at t 2 208 than at t 1 (Fig. 5b,c) . The activity of MCs that did not strongly contribute to the initial correlation, in 209 contrast, remained similar. As a consequence, the contribution of MCs with large r i,t1 to the overall 210 correlation decreased, resulting in a substantial decorrelation of population activity patterns between t 1 211 and t 2 . Pattern decorrelation can therefore be attributed, at least in part, to the selective inhibition of MC 212 cohorts that dominate the initial pattern correlations. MCs with high r i,t1 also made strong contributions to 213 pattern variance at t 1 (Fig. 5c ) because their activity was substantially higher than the population mean. 214
The selective inhibition of these cohorts between t 1 and t 2 changed the activity of these MCs towards the 215 population mean and therefore decreased pattern variance and its s.d. across odors. Pattern decorrelation 216 and contrast normalization can therefore be attributed to a common mechanism that targets inhibition to 217 specific MC cohorts and results in contrast reduction rather than contrast enhancement. 218
The selective suppression of activity in cohorts of co-responsive MCs requires inhibition within cohorts 219 to be stronger than the mean inhibition across the population. To explore how such stimulus-and 220 ensemble-specific inhibition can arise from the connectivity between neurons we selected the 10 MCs 221 with the highest r i,t1 for each pair of bile acid stimuli. We then determined the disynaptic MC inputs to 222 these cohorts by retrograde tracing through the wiring diagram across two synapses. Inputs to MCs within 223 a cohort were strongly biased towards MCs of the same cohort (Fig. 5d,e) , implying that neurons in a 224 cohort will be strongly inhibited when the cohort is activated as a whole. The specific suppression of 225 activity underlying whitening can therefore be explained by dense reciprocal connectivity within cohorts, 226 which suppresses the representation of stimulus features that activate a cohort. 227
To further explore this hypothesis we continued to analyze the mechanism of whitening in simulations. 228
We first ranked simulated MCs by their r i,t1 for bile acid-evoked activity patterns in experiments (same 229 ranking as in Fig. 5c ). As observed experimentally, simulated MCs with large r i,t1 were strongly inhibited 230 between t 1 and t 2 while the mean activity of other MCs remained unchanged (Fig. 6a) . Simulations 231 therefore recapitulated the mechanism of whitening in the OB and precisely predicted the underlying 232 activity changes in individual neurons. 233
We then selected the 10 MCs with the highest r i,t1 for each pair of bile acid stimuli (19 MCs in total) and 234 deleted their feedforward connections onto INs in the simulation (11% of all MCIN connections; 235 Fig. 6b, left) . As a control, we deleted the same fraction of feedforward connections between random 236 subsets of neurons. While random deletions had almost no effect, the selective disconnection of functional 237 cohorts abolished pattern decorrelation and variance normalization (Fig. 6c,d ). Ranking of MCs by their 238 r i,t1 in experimental data demonstrated that the activity of MCs with high r i,t1 was reduced slightly 239 between t 1 and t 2 when MC cohorts were selectively disconnected but not as effectively as under control 240 conditions. As a consequence, these MCs continued to make large positive contributions to pattern 241 correlation and variance at t 2 (Fig. 6e) . These results show that the selective disconnection of functional 242 cohorts abolished whitening because it disrupted feature suppression. We next randomized all 243 connections except those of the 10 MCs with the highest r i,t1 for each bile acid pair (Fig. 6b, right) . 244
Results were compared to the full randomization of the wiring diagram, which reduced the inhibition of 245 MC cohorts and abolished whitening (Fig. 3b,c) . When connections of functional MC cohorts were 246 selectively preserved, however, the inhibition of MC cohorts remained strong and pattern decorrelation 247 was restored (Fig. 6c,d ). Variance normalization was only partially rescued, presumably because 248 preserved cohorts were selected only for their contribution to correlations between bile acid pairs and not 249 for amino acids. The activity of MCs with high r i,t1 was strongly reduced (Fig. 6e) , demonstrating that 250 pattern decorrelation and partial variance normalization were the result of feature suppression. These 251 results confirm that whitening is mediated by specific disynaptic interactions that suppress the activity of 252 correlation-promoting MC cohorts. 253
254
Discussion 255
We used a functional connectomics approach in a small vertebrate to explore the mechanism of whitening 256 in the OB. Whitening is a computation related to object classification and associative memory that 257 requires specific transformations of defined neuronal activity patterns. Such computations are thought to 258 13 rely on specific wiring diagrams that are adapted to relevant inputs. Consistent with this notion, we found 259 that whitening is achieved by specific multisynaptic interactions that cannot be described by general 260 topographic principles or by the first-order statistics of connectivity between neuron types. Functional 261 connectomics is therefore a promising approach to dissect distributed, memory-based computations 262 underlying higher brain functions. 263
Correlations between input patterns in the OB were dominated by distinct subsets of strongly active input 264 channels. This correlation structure is likely to reflect the co-activation of different odorant receptors by 265 discrete functional groups (Araneda et al., 2000; Mori et al., 2006) and implies that input correlations 266 cannot be removed efficiently by contrast enhancement (Arevian et al., 2008; Cleland and Sethupathy, 267 2006; Yokoi et al., 1995) . Rather, patterns are decorrelated by the selective inhibition of strongly active, 268 correlation-promoting MC cohorts. Pattern decorrelation is therefore achieved by contrast reduction, 269 rather than contrast enhancement, which also supports contrast normalization. 270
Whitening requires specific tuning-dependent, disynaptic MC-IN-MC connectivity that may be 271 established by molecular or activity-dependent mechanisms. Because this connectivity exists already 272 before activity-dependent effects were detected on the morphological development of 273 glomeruli (Braubach et al., 2013 ) the initial assembly of neuronal connections may rely primarily on 274 molecular cues. Projections of INs are enriched between glomeruli that receive input from odorant 275 receptors of the same families (Wanner et al., 2016b) , raising the possibility that glomerular targeting of 276 sensory neurons (Nishizumi and Sakano, 2015) and INs involve related mechanisms. However, the 277 development of the connectivity that mediates whitening remain to be explored. 278
Lateral inhibition between neurons with similar tuning is often assumed to sharpen tuning curves by 279 amplifying asymmetries in the input. In the OB, however, triplet connections between related MCs are 280 highly enriched in reciprocal connections. This connectivity results in feedback inhibition that is 281
independent of the precise pattern of MC input to a cohort (Fig. 5a , right) and down-scales the activity of 282 neuronal cohorts without amplifying asymmetries in the input. Reciprocally connected MC↔IN↔MC 283 14 cohorts therefore mediate feature suppression: in the presence of a feature that effectively activates a 284 cohort, the inhibitory feedback gain within the cohort will be larger than the mean feedback gain and 285 suppress the representation of the feature. This mechanism can explain the selective and odor-dependent 286 inhibition of correlation-promoting MC cohorts. 287
Functional connectomics permitted us to test the significance of this mechanism by implementing the 288 wiring diagram in a network of minimally complex model neurons. Simulations demonstrated that higher-289 order features of connectivity were necessary and sufficient to produce whitening. Precisely targeted 290 manipulations confirmed that whitening was the result of feature suppression by reciprocal 291 MC↔IN↔MC connectivity among correlation-promoting MC cohorts. Whitening in the OB is therefore 292 produced by a network mechanism that differs from canonical computations in the retina and other 293 sensory systems, presumably because the statistics of sensory inputs differ between sensory modalities. 294
In visual cortex, functionally related principal neurons make stronger excitatory connections than random 295 subsets of neurons (Ko et al., 2011) . Such connectivity can arise from Hebbian plasticity mechanisms, 296 enhance representations of sensory features, and amplify specific inputs in memory networks after 297 learning. The disynaptic connectivity observed in the OB, in contrast, results in inhibitory interactions 298 between functionally related principal neurons. Such connectivity cannot be achieved by monosynaptic 299 connectivity between MCs because inhibitory synapses between MCs would violate Dale's law. 300
Functional connectivity in the OB is therefore similar in structure, but opposite in sign, to excitatory 301 connectivity motifs in visual cortex. As a consequence, the connectivity in the OB suppresses, rather than 302 amplifies, specific features in the input. Such a mechanism appears useful to attenuate the impact of 303 irrelevant sensory inputs and to reduce undesired correlations. The mechanism of whitening by feature 304 suppression is consistent with networks that have been optimized for whitening in a theoretical 305 framework with biologically plausible constraints (Pehlevan and Chklovskii, 2015; Zung and Seung, 306 2017) . Hence, the mechanism of whitening observed in the OB may represent a general computational 307 strategy in the brain. 308
References 310
Akerboom, J., Carreras Calderon, N., Tian, L., Wabnig, S., Prigge, M., Tolo, J., Gordus, A., Orger, M.B., 311 Severi, K.E., Macklin, J.J. , et al. (2013) . Genetically encoded calcium indicators for multi-color neural 312 activity imaging and combination with optogenetics. Frontiers in molecular neuroscience 6, 2. 313 Akerboom, J., Chen, T.W., Wardill, T.J., Tian, L., Marvin, J.S., Mutlu, S., Calderon, N.C., Esposti, F., 314
Borghuis, B.G., Sun, X.R. , et al. (2012 active units is enhanced. Selective inhibition of strongly active units is generated by dense reciprocal 566 inhibition within cohorts of co-tuned neurons. Inhibitory feedback gain is therefore higher than the 567 average inhibitory feedback gain within a co-tuned cohort when the stimulus feature that activates the 568 cohort is present (feature suppression).
Methods 570
Animals and preparation. Adult zebrafish (Danio rerio) were maintained and bred under standard 571 conditions at 26.5°C. Embryos and larvae of a double-transgenic line 572 (elavl3:GCaMP5 x vglut:DsRed) (Akerboom et al., 2012; Kinkhabwala et al., 2011) in nacre 573 background were raised at 28.5°C in standard E3 medium (Westerfield, 2000) . 574
Imaging experiments were performed as described previously (Li et al., 2005) . In brief, larvae 4 -5 days 575 post fertilization (dpf) were contained in a small drop of aerated E3 without methylene blue or N-576 phenylthiourea. Larvae were then paralyzed by addition of 20 µl of fresh mivacurium chloride (Mivacron, 577
GlaxoSmithKline, Munich, Germany) (Brustein et al., 2003) and embedded in 2% low-melting agarose 578 (type VII; Sigma, St Louis, MO, USA) in a perfusion chamber that was inclined by 30° to improve dorsal 579 optical access to the OBs. Agarose covering the noses was carefully removed. A constant stream of E3 580 (2 ml/min) was delivered through a tube in front of the nose and removed by continuous suction. 581
Throughout the experiment it was ensured that larvae showed normal heartbeat. Larvae that were not 582 fixed for EM recovered from paralysis after a few hours and continued to develop without obvious 583 defects. All animal procedures were performed in accordance with official animal care guidelines and 584 approved by the Veterinary Department of the Canton of Basel-Stadt (Switzerland). 585
Odor stimulation. Odor application was performed as described (Li et al., 2005) . In brief, odors were 586 delivered to the nose through the E3 medium using a computer-controlled, pneumatically actuated HPLC 587 injection valve (Rheodyne, Rohnert Park, CA, USA). All experiments were carried out at room 588 temperature (~22°C). The odor set comprised one food odor (Tabor et al., 2004) , four bile acids 589 The differential equations were solved in MATLAB with a fixed step size of 1 millisecond using a first 722 degree Newton-Cotes integration scheme or using an adaptive step size embedded Runge-Kutta-Fehlberg 723 (4, 5) scheme. Both integration schemes lead to qualitatively very similar results, and therefore the former 724 method was used for simplicity for the simulated data shown here. 725
In an iterative, semi-automated parameter search, we identified a suitable parameter range that fulfilled 726 the following criteria: 727
(1) The peak firing rates of individual neurons does not exceed a physiologically realistic range (< 200 728 Hz). 729
(2) The strength of inhibition is appropriate to reproduce the time course of the average population 730 activity, correlation and variance. 731 (3) The activity, correlation contribution and variance contribution of individual MCs at t 1 and t 2 is in 732 good correspondence to experimental measurements. 733
Parameters for which these criteria were fulfilled were found by parameter variations in pilot studies. 734
Results were usually robust against variations of each parameter by ±50% around the values reported 735 above. 736 of the population activity patterns was calculated by determining the summand ̅ for each MC. 756
Here, x i and y i are responses of MCs to odors x and y, sd x and sd y are the standard deviations of 757 population responses to odors x and y, and n is the total number of MCs in the population. 758
Statistical significance was tested using a non-parametric Mann-Whitney U test unless noted otherwise. 
